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1
OPPORTUNISTIC DEFRAGMENTATION
DURING GARBAGE COLLECTION

BACKGROUND

Garbage collection is often performed in data storage
devices that implement uni-directional write policies. For
example, some non-volatile solid-state memory devices and
shingled disk drives both program or write data to the media
in one direction, whether the incoming data from the host has
random or sequential logical addresses. Because data for
logical addresses can be located at any physical location,
garbage collection is needed to reclaim locations on the media
that no longer contain valid data for future writes. For
example, in a shingled disk drive, if a track stores both valid
and invalid data, the valid data may be copied by the control-
ler as part of garbage collection to a new location so that the
entire track can be made available for future write operations.

BRIEF DESCRIPTION OF THE DRAWINGS

Systems and methods which embody the various features
of the invention will now be described with reference to the
following drawings, in which:

FIG. 1 is a block diagram illustrating a disk-based data
storage device according to one embodiment.

FIG. 2 is a block diagram illustrating a shingled disk stor-
age device with a plurality of zones according to one embodi-
ment.

FIG. 3 is a flow diagram showing a process executed by the
garbage collection module and/or the control circuitry to
optimize garbage collection and opportunistically perform
defragmentation in accordance with one embodiment.

FIG. 4 is a block diagram further illustrating how data is
determined to be invalid or garbage collected soon.

FIG. 5 is a block diagram illustrating a solid-state storage
subsystem according to one embodiment.

DETAILED DESCRIPTION

The present invention is directed to systems and methods
for opportunistically defragmenting a data storage device,
such as a shingled magnetic disk drive, during garbage col-
lection. During garbage collection, the identified valid data
(e.g., data that is to be kept) is cached. The valid data is
coalesced, and when the cached data has been coalesced or
fills the cache, it is written back to the data storage medium to
reduce the number of required disk operations. In one
embodiment, the valid data found during the garbage collec-
tion process is written back such that it can be read by a single
disk operation

Certain embodiments of the inventions will now be
described. These embodiments are presented by way of
example only, and are not intended to limit the scope of the
inventions. Indeed, the novel methods and systems described
herein may be embodied in a variety of other forms. Further-
more, various omissions, substitutions and changes in the
form of the methods and systems described herein may be
made without departing from the spirit of the inventions. To
illustrate some of the embodiments, reference will now be
made to the figures.

FIG. 1 shows a disk-drive based data storage device 50
according to one embodiment. The data storage device 50
includes a head 2, actuated radially over a disk surface 4, by
an actuator arm 6, and a voice coil motor (VCM) 8 operable
to rotate the actuator arm 6, about a pivot. The disk surface 4,
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2

comprises a host addressable area 10 with a plurality of data
tracks 18, wherein each data track 18 comprises a plurality of
data blocks 20.

In the embodiment in FIG. 1, the disk surface 4, further
comprises a plurality of embedded servo sectors 30,-30,, that
define the data tracks 18 in the host addressable area 10. The
data storage device 50 further comprises control circuitry 32,
which is operable to process a read signal 34 emanating from
the head 2, to demodulate the embedded servo sectors 30,-
30, and generate a position error signal (PES). The PES
represents a radial offset of thehead 2, from a target data track
18 in the host addressable area 10. The control circuitry 32 is
further operable to process the PES with a suitable servo
compensator to generate a VCM control signal 36 applied to
the VCM 8. The VCM 8 rotates the actuator arm 6, about a
pivot in order to actuate the head 21 radially over the disk
surface 4, in a direction that decreases the PES. The control
circuitry 32 is also configured to receive commands from a
driver 58 in the host system 56.

In one embodiment, the data storage device 50 further
comprises a garbage collection module 40 for managing gar-
bage collection operations. In another embodiment, the con-
trol circuitry 32 manages garbage collection operations. The
management and execution of garbage collection operations
will be further described below.

In one embodiment, the data storage device 50 further
comprises a buffer in a memory, such as a semiconductor
memory (SM) 38, communicatively coupled to the control
circuitry 32. The SM 38 may serve as a cache for temporarily
storing write data received from the host 56 via a write com-
mand and read data requested by the host 56 via a read
command. The SM 38 can be implemented, for example,
using dynamic random access memory (DRAM), flash
memory, or static random access memory (SRAM).

In addition, the SM 38 may provide storage for a transla-
tion table used by the control circuitry 32. The translation
table provides a data structure for mapping the logical block
addresses (LBAs) requested by the host 56 into physical
locations on the data storage device 50, such as on disk
surfaces 4. On data storage devices that implement shingled
magnetic recording, such as those shown in FIG. 2, com-
mands from the host 56 are recorded sequentially, resulting in
LBA indirection. Since there is no fixed location on the data
storage device 50 for a given LBA, control circuitry 32 main-
tains the translation table to keep track of the locations of the
LBAs. For example, when a LBA is rewritten, a newer copy of
that LBA will be written in a new location on the disk surfaces
4, and control circuitry 32 then updates the translation table to
reflect the latest physical location of that LBA.

Data storage devices, including solid-state drives (SSDs)
and shingled disk drives typically require garbage collection.
This is due to the fact that LBAs for blocks of data are usually
not rewritten to the same physical location they were before
the rewrite operation. Since LBAs are rewritten in a new
location, the old location becomes obsolete or invalid, and
thus, may be considered “garbage”. The media and storage
space consumed by the garbage should be reclaimed so that it
can be reused.

FIG. 2 is a block diagram illustrating a shingled disk stor-
age device with a plurality of zones according to one embodi-
ment. One embodiment of the data storage device 50 may be
a shingled-based disk drive in which the control circuitry 32
accesses at least part of the storage using log structure writes
wherein a band of the data tracks are accessed as a circular
buffer. In the shingled-based disk drive embodiment, data
tracks are written in a shingled (overlapping) manner.
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As shown, for example, the data storage device 50 is
divided into multiple zones, including a zone 1 (108), a zone
2 (110), and a zone 3 (112). A plurality of heads 2,-2, are
actuated over respective disk surfaces 4,-4, by a VCM 8
which rotates actuator arms 6,-6; about a pivot. In one
embodiment, each of disk surfaces 4,-4, comprises a host
addressable area 10 comprising a plurality of data tracks 18.
A zone may span multiple layers of the disk as shown. For
example, zone 1 (108) may span a portion of the disk surfaces
4,,4,, 4, and 4, as indicated by the bracket. Similarly, zone
2 (110) may span a portion of the disk surfaces 4,, 4,, 45, and
4, as indicated by the bracket.

According to one embodiment, the data storage device 50
is a shingled-based disk drive in which the control circuitry 32
accesses at least part of the storage using log structure writes
wherein a band of the data tracks are accessed as a circular
buffer. New data is written to the head (current data track),
and during a garbage collection operation, valid data is relo-
cated from the tail of the buffer (old data tracks) to the head of
the buffer so as to free space for new write data. In the
shingled-based disk drive embodiment, data tracks are writ-
ten in a shingled (overlapping) manner.

FIG. 3 is a flow diagram showing a process 80 executed by
the garbage collection module 40 and/or the control circuitry
32 to optimize garbage collection and opportunistically per-
form defragmentation in accordance with one embodiment.
As noted, garbage collection requires moving blocks of data,
which typically requires a read operation followed by a write
operation. However, this shuffling of reading and writing data
can negatively impact overall performance of the drive.
Accordingly, since defragmentation also requires moving
data, the embodiments take advantage of the read operation
performed during a garbage collection process and optimize
the rewriting of the user data. For example, when a buffer
assigned for garbage collection process is full with valid data,
the embodiments attempt to coalesce the data before it is
written back to the media on the data storage device 50. In
addition, by coalescing the data, a fewer number of entries are
required by the translation table, and thus, minimizing the
size consumed by the translation table as well.

In addition, control circuitry 32 and/or garbage collection
module 40 may be configured to balance the respective results
of'garbage collection versus defragmentation. In particular, in
some instances, garbage collection may increase defragmen-
tation and vice versa. For example, during defragmentation,
data is moved, which thus results in garbage being created.
Accordingly, in some embodiments, control circuitry 32 and/
or garbage collection module 40 may be configured to opti-
mize one process over the other. Thus, the control circuitry 32
and/or garbage collection module 40 may be configured to
modify how data is written back to the disk surface 4 to
overwrite areas that are marked as garbage based on a number
of factors, such as vicinity, track location, head position of
head 21, etc.

For example, during garbage collection, the control cir-
cuitry 32 and/or garbage collection module 40 may opportu-
nistically create garbage to help defragmentation. As another
example, during garbage collection, the defragmentation pro-
cess may take advantage of “gaps”, e.g., relatively isolated
blocks of invalid data and fill in these gaps with coalesced
data from the cache. This fill-in process can be based on
proximity to valid data. In some embodiments, proximity can
be based on seek operation, rotational tolerance of the head
21, track location, and the like.

Referring now to FIG. 3, in phase 82, a memory block is
read from the media of the data storage (e.g. the shingled disk
drive). In one embodiment, the memory block may be read in
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response to a read command from the host 56. In other
embodiments, the memory block may be read in response to
other commands generated by the data storage device 50 (e.g.
wear leveling command if the data storage is a solid-state
memory device).

In phase 84, the block retrieved from the read operation is
analyzed to determine it is valid, invalid, and/or will be gar-
bage collected soon. The determination of a block’s status is
further described below with reference to FIG. 4.

Inphase 86, if the read block is determined to be valid (i.e.,
data that should be retained), the data contents of the read
block are cached. For example, the contents of the read block
may be stored in a cache assigned in the semiconductor
memory (SM) 38. In one embodiment, data from the read
block may be placed in a read cache as part of processing the
read command, or may already exist in the read cache because
of'a prior read command. In one embodiment, the valid data
cached in SM 38 may be coalesced such that valid data that
was previously fragmented is now defragmented. For
example, the valid data may be cached so that it is contigu-
ously stored on the disk. Of course, the valid data may be
coalesced and reordered by the control circuitry 32 when
rewritten.

In addition, in phase 86, read blocks for invalid (i.e., data
that can be flushed), may also be may be stored in the semi-
conductor memory (SM) 38. In one embodiment, the data
from the read block is tagged with a “dirty” flag/bit that is
used by the read cache to mark data that should be retained for
later flushing to the disk. In one embodiment, the data from
the read block is tagged with a special flag/bit in place of or in
addition to the “dirty” flag/bit to enable the read cache to
differentiate data from the read block (which will be used for
garbage collection) from other data that should be retained for
flushing to the disk in the normal course of operation. In either
case, in the embodiment with the read cache, the garbage
collection module 40 and/or the control circuitry 32 may
prevent data from the read block from being flushed from the
read cache during the normal read cache flushing cycles. The
read cache may thus implement different flushing policies for
the different types of data.

In phase 88, garbage collection is then performed on the
blocks of invalid data cached in phase 86. For example, the
blocks may be flushed to disk.

In phase 90, once garbage collection is performed, the
contents of the read block are made available for release. In
the alternative, if the read block is determined to not be
garbage collected soon in phase 84, the process 80 skips to
phase 90, where the contents of the read block are made
available for release.

In phase 91, the control circuitry 32 then writes the cached
valid data in the SM 38 back to the disk surfaces 4 such that
fewer disk operations are needed to retrieve the blocks when
requested by a next read command. In one embodiment, the
control circuitry 32 writes the cached data back to the disk
surfaces in coalesced form such that the blocks are contigu-
ously or substantially contiguously located on the disk sur-
faces 4. That is, the blocks for data requested by the read
command are rewritten in a contiguous manner on the disk
surfaces 4. That is, the blocks of data are written to physically
adjacent locations on the disk surfaces 4.

For example, in one embodiment, the control circuitry 32
issues a write command that comprises a number of logical
block addresses (LBAs) and write data. In some embodi-
ments, the control circuitry 32 may also write other informa-
tion, such as, such as a timestamp. Of note, in a hybrid drive
embodiment, metadata may be stored in flash memory while
user data is stored on the disk.
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The rewriting of the valid data in coalesced form may be
triggered based on a number of factors. For example, the
cache for valid data in SM 38 may be configured with a fixed
size, such as 32 megabytes. Accordingly, once this cache for
valid data reaches a threshold, such as 90%, 80%, etc., the
control circuitry 32 may be configured to commence rewrit-
ing the valid data in coalesced form.

Furthermore, the control circuitry 32 may then optimize
the translation table stored in the SM 38 based on the coa-
lesced data that has been rewritten to the disk surfaces 4. For
example, the control circuitry 32 may compress one or more
entries using a starting LBA of the coalesced data and a run
length. The control circuitry 32 may also compress the trans-
lation table by encoding its entries to reduce its required size.

FIG. 4 is a block diagram further illustrating how data is
determined to be valid, invalid, or garbage collected soon.
Although the example shows data being written to the
shingled disk storage device in a circular buffer, the garbage
collection optimization embodiments of the invention are
applicable to storage devices that implement other data access
policies (e.g., zone-based access).

As shown, data is written to the disk-based storage device
50 in a circular buffer 92 with a head 96 and a tail 98. Data is
written in an area between the head and the tail, with new data
being written in the direction from the tail toward the head. A
runway 94 is shown in the circular buffer 92 after the head 96
and before the tail 98 where new data may be written to
without overwriting valid data. In operation, new data is
written at the head 98, and the head 98 is moved forward into
the runway area 92 after each write in one embodiment. The
circular buffer 92 is circular in the sense that the runway spans
the area between the head and the tail, and the head is moving
toward the tail.

In one embodiment, garbage collection is performed at the
tail to prevent the exhaustion of the runway 94. Therefore,
data located near the tail has a higher likelihood of being
invalid or garbage collected in the near future. FIG. 4 shows
two example data points 102 and 104. In the determination
made in phase 84, the process 80 determines whether a block
read from the media of the data storage device 50 should be
saved for a later garbage collection operation. In the example
of'data point 102, the determination would be positive since it
falls into a range between the tail and a location of the tail
offset by a threshold (tail+threshold). Since data in this range
is likely to be needed soon for a garbage collection operation,
saving it as part of fulfilling a read operation now (e.g., for a
host read command) would eliminate the need to re-read the
same data when the garbage collection operation is executed.
On the other hand, data point 104 would not be saved for a
future garbage collection operation since it falls outside of the
range. In one embodiment, the determination needs to be
made as there is typically limited space in the temporary
storage where data can be saved.

In one embodiment, the threshold is based at least in part on
the likelihood that a garbage collection operation will be
needed soon. For example, a long runway may mean that
garbage collection operation is not likely to be needed soon.
Thus, the threshold may be set to be shorter. If the runway is
short, then garbage collection is likely to be needed soon, and
as a result the threshold may be set to be longer. The threshold
may be measured by a number of memory units such as
sectors, blocks, or tracks depending on the embodiments. In
one embodiment, the threshold may be a fixed number of
blocks from the tail, and if the read block falls in the range of
the threshold, the read block will be saved for garbage col-
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lection. In another embodiment, the number of blocks from
the tail may be adjustable, e.g., based on the size of the
runway.

In one embodiment, additional data may be saved along
with the read block. For example, in a shingled disk drive
embodiment, if a host read command results in a read from a
block “A.” data from the entire track in which block “A” is
located may also be read and saved for future garbage collec-
tion operations.

Inone embodiment, when garbage collection is needed, the
read block may not be stored in temporary storage but instead
written directly to a new location, such as the head 96, as part
of'a garbage collection operation. For example, a read com-
mand from the host system 56 may trigger a garbage collec-
tion operation if the read data is near the tail and the runway
94 is running out of available space. In this case, the data is
read from the target block of the read command, together with
any adjacent blocks, and returned to the host and then written
to a new location as part of a garbage collection operation. In
another example, the read block is near the tail 98, so all of the
valid blocks from the tail 98 to the read block may be read and
moved to the head 96 so that a garbage collection operation
can increase the runway 94 while servicing a host command.

In one embodiment, each block in the data storage device
50 is time-stamped and the control circuitry 32 and/or the
garbage collection module 40 is configured to maintain a list
of blocks that are least recently used (LRU) (i.e., least
recently written). The LRU list may be used to determine
whether the data contents of a block should be migrated to
another location as part of a garbage collection operation. In
one embodiment, the contents of a block that appears on the
LRU list are saved for migration. In one embodiment, the
contents of a block with a time stamp that meets a minimum
LRU criterion are saved for migration.

The various afore-mentioned methods of determining
whether to keep data read as a part of a read command may be
combined. For example, the LRU list may be combined with
the list of zones sorted by the number of invalid blocks, so that
instead of saving read data from any block from the top zones
onthelist, the determining process only saves data from those
blocks that are listed on the LRU lists for the individual zones.
Alternatively, the garbage collection module may garbage
collect zones independent of the number of invalid blocks,
such as by following a round-robin approach. In this embodi-
ment, the read block may be migrated to another zone if it is
determined that the zone the read block is currently located in
is close to being next in order for garbage collection. Other
garbage collection schemes may be used.

FIG. 5 is a block diagram illustrating a solid state memory-
based data storage device according to one embodiment. As
shown, a data storage device 140 includes a controller 150,
which in turn includes a command queue 142 and a garbage
collection module 148, which is configured to execute the at
least some of the garbage collection operations described
above. For example, the garbage collection module 148 may
perform some or all of the functionalities performed by the
garbage collection module 40 of the data storage device 50.
The garbage collection module 148 in one embodiment is
configured to execute process 80 for each read command
received in the command queue 142. In one embodiment, the
host command queue 142 receives memory commands from
a driver 132 residing within a host system 130, and the
memory commands may include write and read commands
issued by the host system 130. As further shown in FIG. 5, in
one embodiment, the controller 150 executes the commands
in the host command queue 142 in one or more non-volatile
solid-state memory arrays 160, as well as commands issued
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by the garbage collection module 148. The commands from
the garbage collection module 148 may be stored in the com-
mand queue 142 or in a separate queue.

The features and attributes of the specific embodiments
disclosed above may be combined in different ways to form
additional embodiments, all of which fall within the scope of
the present disclosure. Although the present disclosure pro-
vides certain embodiments and applications, other embodi-
ments that are apparent to those of ordinary skill in the art,
including embodiments, which do not provide all of the fea-
tures and advantages set forth herein, are also within the scope
of this disclosure. Accordingly, the scope of the present dis-
closure is intended to be defined only by reference to the
appended claims.

What is claimed is:

1. A method of defragmenting a data storage device, said
method comprising:

receiving a read command from a host;

reading a first block of data stored in non-volatile media of

a data storage device in response to the read command
from the host;

determining a timing of garbage collection for the first

block in response to reading the first block of data;
caching valid data of the first block in response to said
determination;

coalescing the valid data;

identifying invalid data in a second block of data stored in

the non-volatile media; and

rewriting back the coalesced valid data to the second block.

2. The method of claim 1, wherein rewriting back the
coalesced valid data to the second block comprises writing
back the coalesced valid data in a contiguous sequence on the
non-volatile media according to logical block addresses
assigned to the coalesced valid data.

3. The method of claim 1, wherein the first block of data is
part of a circular buffer on the non-volatile media.

4. The method of claim 3, wherein said determining com-
prises determining that the first block is located within a
threshold number of memory units of a tail of the circular
buffer.

5. The method of claim 1, further comprising updating a
translation table at least in part by encoding a starting logical
block address and run length for new physical locations asso-
ciated with the coalesced data.

6. The method of claim 1, wherein said caching the valid
data comprises caching the valid data in a buffer designated
for garbage collection until a threshold is reached.

7. The method of claim 6, wherein said coalescing the valid
data is initiated by the data storage device when the threshold
has been reached and comprises reordering the valid data
based on logical block addresses in a sequential order.

8. A data storage device comprising:

a non-volatile medium;

amemory providing at least one cache for storing data from

read operations;

an interface configured for communications with a host;

and

a controller configured by a plurality of instructions, which

comprise instructions for:
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receiving a read command from the host;

reading valid data from a first block of data stored in the
non-volatile medium in response to the read com-
mand from the host;

determining a timing of garbage collection for the first
block in response to reading the valid data from the
first block of data;

caching the valid data of the first block in response to
said determination;

coalescing the valid data;

identifying invalid data in a second block stored in the
non-volatile medium; and

rewriting back the coalesced valid data to the second
block.

9. The data storage device of claim 8, wherein the control-
ler is further configured to coalesce the valid data based on
logical block addresses assigned to the valid data.

10. The data storage device of claim 8, wherein the con-
troller is further configured to coalesce the valid data based on
when the cache reaches a threshold.

11. The data storage device of claim 10, wherein the con-
troller is further configured to coalesce the valid data based on
when the cache is full.

12. The data storage device of claim 10, wherein the con-
troller is further configured to coalesce the valid data into a
contiguous sequential order according to logical block
addresses assigned to the valid data.

13. A method of optimizing a translation table stored in a
memory of a data storage device, wherein the translation table
dynamically maps logical block addresses used by a host to
physical locations on the data storage device, said method
comprising:

receiving a first block of data from one or more read opera-

tions performed on a data storage device;

determining a timing of garbage collection for the first

block in response to receiving the first block of data;
caching valid data of the first block in response to said
determination;

coalescing the valid data;

identifying invalid data stored in a second block of data;

rewriting back the coalesced valid data to the second block;

and

updating a translation table to indicate new locations of the

coalesced data that has been rewritten back to the data
storage device.

14. The method of claim 13, wherein updating the transla-
tion table comprises determining a starting logical block
address for the cached valid data and a run length.

15. The method of claim 13, further comprising compress-
ing the translation table to reduce memory consumed by the
translation table.

16. The method of claim 13, wherein updating the transla-
tion table comprises reducing a number of translation nodes
used by the translation table.

17. The method of claim 13, wherein coalescing the valid
data comprises coalescing the valid data when a cache has
been filled with identified valid data from a garbage collection
process.



